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The  large  surfaces  of  two-dimensional  carbon-based  materials,  such  as graphene  and  ﬂuorographene,
are  exposed  to analytes,  impurities  and  other  guest  molecules,  so  an  understanding  of  the strength  and
nature  of the  molecule–surface  interaction  is  essential  for their practical  applications.  Using  inverse  gas
chromatography,  we determined  the  isosteric  adsorption  enthalpies  and  entropies  of six  volatile  organic
molecules  (benzene,  toluene,  cyclohexane,  n-hexane,  1,4-dioxane,  and  nitromethane)  to  graphene  and
graphite  ﬂuoride  powders.  The  adsorption  entropies  of  the  molecules  ranged  from  −17 to  −34 cal/mol  K
and the  maximum  adsorption-induced  entropy  loss  occurred  for  nitromethane  at the  high-energy  sites.ntropy
GC
raphene
luorographene
The enthalpies  of  bulkier  adsorbates  were  almost  coverage-independent  on  both  surfaces  and  ranged
from  −11 to −14 kcal/mol.  Despite  the  fact  that  ﬂuorographene  has  lower  surface  energy  than  graphene
and  graphene  represents  an ideal  surface  for  the – stacking,  the  adsorbates  had lower  adsorption
enthalpies to ﬂuorographene  than  to graphene  by ∼9%. These  ﬁndings  imply  that  bulkier  airbone  organic
contaminants  readily  adsorb  to  the  investigated  surfaces  and  can modify  the  measured  surface  properties.
ublis©  2016  The  Authors.  P
. Introduction
Graphene’s capacity to adsorb small molecules [1] is one of its
ost important properties and is widely exploited in its practical
pplications [2,3]. Because small molecule adsorption changes the
lectronic properties of graphene [4], devices based on graphene-
ype materials could be sensitive sensors of guest molecules [5–7].
he adsorption of organic molecules affects also the surface prop-
rties of graphene [8] such as its hydrophobicity [9,10], which
ould in turn affect its use and performance in all ﬁeld, where the
urface of graphene is involved, e.g., coating-technologies, electro-
hemistry, catalysis, and lubrication. Graphene is also regarded as a
seful adsorbent in applications such as pollutant removal and drug
elivery [11–14]. Noncovalent interactions to graphene also affect
ts colloidal stability, dispersability and processability of graphene
ispersions [15,16]. The mentioned applications fueled research of
raphene’s surface properties and afﬁnity of guest molecules to
raphene.
In 2010, ﬂuorographene was synthesized via the ﬂuorination of
raphene and mechanical and chemical exfoliation of graphite ﬂuo-
ide [17–19]. It was initially considered to be a rather inert material,
nalogous to Teﬂon. However, recent experiments have revealed
hat it is reactive under ambient conditions and, consequently, can
∗ Corresponding author.
E-mail address: michal.otyepka@upol.cz (M.  Otyepka).
ttp://dx.doi.org/10.1016/j.apmt.2016.09.016
352-9407/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article uhed  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
be utilized as a starting material for the preparation of graphene
derivatives [20–23]. The surface properties of ﬂuorographene have
not been explored so extensively as those of graphene, although
various interesting features have been observed. Graphite ﬂuoride
has a lower surface energy than graphite [24], and has been used
as an industrial lubricant for over forty years [25]. However, ﬂuo-
rination of graphene yields materials exhibiting nontrivial friction
behavior [26]. Graphite ﬂuoride, ﬂuorographene, and partially ﬂuo-
rinated graphenes have been successfully used as electrochemical
detectors [27–32] whose performance is driven by their conduc-
tivities and the analyte’s adsorption to the electrode surface [28].
For a broad application of ﬂuorinated graphenes in practice, it is
necessary to take into account a potential hazard for human cells.
Pioneering studies on cell lines identiﬁed some risks associated
with interaction of ﬂuorinated graphenes with cells, which was
dependent on size and degree of ﬂuorination [33,34], on the other
hand, the toxicity of the respective materials is still signiﬁcantly
underexplored.
Both graphene and ﬂuorographene are 2D hydrophobic mate-
rials. In their 3D analogues, i.e., graphite and graphite ﬂuoride, the
layers are bound by the London dispersive forces [24,35]. Both sur-
faces, however, differ, as graphene is ﬂat surface of a honeycomb
lattice of the sp2 carbon atoms with -electron clouds above and
below the carbon layer [36], ideally suited for – stacking interac-
tions [37,38]. On the other hand, ﬂuorographene has the hexagonal
lattice made of the sp3 carbon atoms, to which the ﬂuorine atoms
are attached. In addition, the covalent C–F bond is rather polar [39]
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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mprinting some electrostatic ﬁled across the ﬂuorographene plane
40]. The question is how the distinct properties of graphene and
uorographene inﬂuence their adsorption behavior.
In this paper, we study the adsorption properties of graphene
nd ﬂuorographene using inverse gas chromatography (IGC). IGC
easures the retention of probe molecules (adsorbates) in a
olumn loaded with the adsorbent, and the surface-energy and
dsorption enthalpy and entropy can be determined from the
esulting retention curves [41–46]. IGC is dominantly used for
easurement of the surface energy and its ability to determine
he adsorption enthalpy and entropy is often being overlooked.
GC has couple of advantages over other experimental techniques,
.g., it provides an averaged response of the material, and enables
o manipulate with the targeted coverage of the adsorbent. The
argeted coverage of the adsorbent allows determining the depen-
ence of the isosteric adsorption enthalpy on the coverage, and to
tudy microscopic processes related to the adsorption, identify the
igh-energy sites, etc.
Using the IGC technique, we compared the adsorption of six
olatile organic molecules to graphene and graphite ﬂuoride pow-
ers. For the measurements, we used nitromethane as a small
olecular probe and ﬁve similarly sized organic molecules, one
liphatic (n-hexane), two alicyclic (cyclohexane and 1,4-dioxane),
nd two aromatic (benzene and toluene). Applying the Lang-
uir adsorption model we determined the corresponding isosteric
dsorption enthalpies and entropies as a function of the surface
overage (ranging from 0.5% to 18% of a monolayer). We  used IGC to
etermine both the isosteric adsorption enthalpies and entropies.
he experimental ﬁndings were interpreted with the help of den-
ity functional theory (DFT) calculations, which may  provide useful
nsights into strength and nature of interaction to 2D materials
8,47].
. Experimental
.1. Materials
We  used a graphene powder (A01, GrapheneSupermarket) that
as been extensively characterized using various experimental
echniques in our previous studies [8,48]. It consists of 3-nm
height) graphene ﬂakes with a high surface area (915 m2/g) [48]
nd a diameter of only a few micrometers. The graphite ﬂuo-
ide powder (Sigma–Aldrich) had a surface area of 236.9 m2/g
see [24]) and consisted of ﬂaky lamellar crystals, with a ter-
ace height of 10–15 nm.  We  used volatile organic molecules
s adsorbents; these included: n-hexane (Merck, LiChrosolv for
C, ≥98%), toluene (Sigma–Aldrich, Chromasolv for HPLC, 99.9%),
,4-dioxane (Sigma–Aldrich, Chromasolv Plus for HPLC, ≥99.5%),
enzene (Sigma–Aldrich, Chromasolv for HPLC, ≥96%), cyclohex-
ne (Sigma–Aldrich, Chromasolv Plus for HPLC, ≥99.9%), and
itromethane (Sigma–Aldrich, Chromasolv for HPLC, 99.9%).
.2. Microscopic measurements
Samples were characterized via transmission electron
icroscopy (TEM; JEOL 2100 equipped with a LaB6 electron gun),
t an accelerating voltage of 200 kV. The corresponding images
ere obtained by using a Tengra (EMSIS) camera. Samples for TEM
nalyses were prepared by dispersing graphite ﬂuoride/graphene
anopowder in ethanol and sonicating for 5 min. One drop of
he resulting solution was placed on a copper grid, covered with holey carbon ﬁlm, and dried at room temperature. Scanning
lectron microscope (SEM; SEM Hitachi SU6600 equipped with a
chottky electron source) images of the dried drop were obtained
t an accelerating voltage of 5 kV, in secondary electron (SE) mode.als Today 5 (2016) 142–149 143
Samples for SEM analyses were afﬁxed to conductive carbon
tape and placed in an aluminum holder. The surface topologies
of these samples were evaluated via scanning probe microscopy
(SPM) in semi-contact atomic force microscopy (AFM; Ntegra,
NT-MDT) mode, using an Ha NC probe. Similarly, high-resolution
TEM (HR-TEM, Titan, FEI) elemental maps of the samples were
obtained in scanning transmission electron microscopy (STEM)
mode (80 keV) using a Super-X energy-dispersive detector (EDS;
Bruker).
2.3. IGC setup and data ﬁtting
IGC experiments were performed using a surface energy anal-
ysis instrument (SEA; SMS-iGC 2000 equipped with Cirrus – SEA
Control Software, Version 1.3.3.2, Surface Measurement Systems
Ltd., UK 2011); the resulting chromatograms were all processed
by CirrusPlus (SEA Data Analysis Software, Version 1.2.1.2, Sur-
face Measurement Systems Ltd., UK, 2012). For the experiments,
18.8 mg  of graphene powder or 23.9 mg  of graphite ﬂuoride pow-
der were loaded into 30-cm-long silylated glass columns and were
washed by helium gas for 2 h (10 sccm helium carrier gas, at 80 ◦C)
prior the experiments. The partial pressures were determined from
adsorbate peak maxima, based on instrument calibration, and the
temperature of the column was controlled by an instrument oven
with a declared stability of ±0.1 ◦C. The coverage was controlled
by the injection time of the adsorbate vapor, which was calculated
from the surface area and vapor tension of the adsorbate at 40 ◦C.
The isosteric adsorption enthalpies and entropies were ﬁtted using
the following equation [46]:
K = 
(1 − )p/p0 = e
−(Had−TSad)/RT)
where K, , p, p0, Had, Sad, R, and T are the equilibrium con-
stant, coverage, pressure, standard pressure, isosteric (at the given
) adsorption enthalpy, isosteric adsorption entropy, universal
gas constant, and temperature, respectively. The chromatograms
were used for ﬁtting only for net retention times (vs. methane)
of >0.26 min  (i.e., greater than 3 of the methane peak ﬁtted by a
Gaussian distribution).
2.4. DFT calculations
The projector-augmented wave method, as implemented in the
Vienna ab-initio simulation package (VASP) suite, was used for the
calculations [49,50]. The energy cutoff for the plane-wave expan-
sion was  set to 400 eV. Moreover, the interaction energy and forces
were calculated by applying the optimized van der Waals functional
optB86b-vdW [51], which encompasses both local and non-local
electron–electron correlation effects, such as London dispersive
forces [8]. The graphene and ﬂuorographene sheets were modeled
by a 6 × 6 supercell (72 carbon atoms, or 72 carbon and 72 ﬂuorine
atoms) and the forces between the surface and the molecule were
fully relaxed. In addition, the periodically repeated sheets were sep-
arated by at least 16 A˚ of vacuum, and a 3 × 3 × 1 k-point grid was
used to sample the Brillouin zone. The thermal corrections for the
enthalpy were taken from our previous work [8]. The polarizabil-
ities of molecules were calculated by applying the electric ﬁeld
(LCALCEPS tag in VASP) as the ratio of the change of the dipole
moment to the magnitude of electric ﬁeld (dP/dE).
3. Results and discussion3.1. Structural features of graphene and ﬂuorographite powders
Both nanomaterials were analyzed by a wide range of micro-
scopic and spectroscopic techniques as part of our previous studies
144 E. Otyepková et al. / Applied Materials Today 5 (2016) 142–149
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8,24,46,48]. The graphene nanopowder consists of 3-nm-thick,
rumpled ﬂakes (see Fig. 1a and c), with Raman characteristics
omparable to those of few-layer graphene and a distinct few-
amellar structure [48]. The graphite ﬂuoride also has a lamellar
tructure with signiﬁcantly exposed ﬂuorographene terraces (see
igs. 1b, d, and 2), and the individual lamellae consist of homoge-
eously distributed carbon and ﬂuorine atoms (Fig. 2). The lateral
ize of individual graphite ﬂuoride ﬂakes as determined by SEM
mounts to ∼15 m × 25 m (Fig. S1 in Supporting Information)
ith vertical heights of ∼7 m.
.2. Adsorption enthalpies of graphene
We  measured the isosteric adsorption enthalpies of six volatile
rganic molecules at coverage values ranging from 0.25% to 20% of
onolayer to both graphene and ﬂuorographene. It should be noted
hat the experimental setup allowed a maximum coverage value
f 3% and 7% for nitromethane on graphene and ﬂuorographene,
espectively. The adsorption enthalpies of both materials exhib-
ted a weak dependence (see Fig. 3) on the coverage over the
ntire range of coverages investigated. However, the adsorption
nthalpy of nitromethane decreased sharply at coverages rang-
ng from 0.25% to 1.00%. We  assume that the decrease occurred
ue to the adsorption of nitromethane into high-energy adsorption
ites in the graphene powder. This result concurs with our previ-
us ﬁnding [48] that the investigated graphene powder contained
.24 ± 0.03% high-energy sites (in that case, steps and cavities [48]),
s determined from adsorption experiments with acetone. The
nthalpy-coverage proﬁles for larger molecules did not indicate
he presence of any high-energy sites. In order to corroborate this
ypothesis, we performed DFT calculation of adsorption of benzeneanopowder and (b, d) graphite ﬂuoride ﬂakes.
on the step-like defect. The step-like defect was very energetically
favorable in the case of acetone and ethanol molecules [46,48].
The DFT calculation unveiled that the binding of benzene to step
was only slightly (by 20%) more favorable than the binding to the
graphene surface. Such a moderate energetic gain and greater size
of the molecule suppress the role of high-energy sites.
The adsorption enthalpies reached a steady state at surface
coverage values of >2% (Fig. 3). At this range of coverage, the
adsorption enthalpy of graphene and graphite stems from adsorp-
tion to the graphene surface [8,46,48]. Therefore, in the current
study, we  attribute adsorption enthalpies at coverages of >2% to
terrace/surface adsorption of both materials. The likelihood of
adsorbate–adsorbate interaction increases with increasing cover-
age, as indicated by the transition of adsorption isotherms from the
Langmuir to BET regimes. Hence, we averaged the isosteric adsorp-
tion enthalpies measured at 2–10% of monolayer coverage and used
these averaged values (see Table 1) thereafter.
The adsorption enthalpy of toluene to graphene was
−13.8 ± 0.4 kcal/mol, which is very close to the IGC-determined
value of −13.5 ± 0.3 kcal/mol [8] and falls within the range of the
TPD-determined enthalpies to highly-oriented pyrolytic graphite
(HOPG) (−16.6 ± 1.7 and −13.2 ± 1.4 kcal/mol, for a monolayer
(ML) and the fourth ML,  respectively, as calculated from the
desorption activation energy EA, Had = −EA − 1/2RT at 323 K)
[52]. The measured adsorption enthalpy of benzene to graphene
was −11.9 ± 0.3 kcal/mol. Recent thermal-desorption studies of
the interaction of polycyclic aromatic hydrocarbon molecules
with the basal plane of graphite yield, through the analysis of
desorption kinetics, activation energy of 0.50 eV (11.5 kcal/mol)
[53] at submonolayer coverages, in excellent agreement with our
IGC result.
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Fig. 2. AFM images and corresponding height proﬁle (upper right panel) reveal the lamellar structure of a graphite ﬂuoride ﬂake with exposed ﬂuorographene terraces. The
ﬂuorine atoms are homogeneously distributed over the ﬂuorographene surface, as shown by the elemental map  (lower right panel), obtained via HRTEM/EDS.
Table 1
Saturated adsorption enthalpies and entropies to graphene and graphite ﬂuoride powders.
Compound Graphene Fluorographene
H (kcal/mol) S  (cal/mol K) H (kcal/mol) S  (cal/mol K) Tmin–Tmax
(K)
1,4-Dioxane −10.8 ± 0.1 −26.9 ± 0.2 −11.7 ± 0.2 −29.9 ± 0.4 313–363
Benzene −11.9 ± 0.3 −28.0 ± 1.1 −12.7 ± 0.2 −30.1 ± 0.7 313–363
Cyclohexane −11.4 ± 0.3 −28.0 ± 0.7 −12.2 ± 0.2 −30.4 ± 1.3 313–363
Nitromethane −6.3 ± 0.1 −16.8 ± 1.1 −9.2 ± 0.2 −25.9 ± 0.8 313–363
n-Hexane −13.5 ± 0.2 −31.2 ± 0.5 −14.3 ± 0.3 −34.1 ± 0.6 313–363
h
[
t
w
t
t
t
a
t
[
a
c
a
(
cToluene −13.8 ± 0.4 −28.9 ± 1.5 
a The temperature interval for graphene powder was  333–363 K.
The lower value obtained for the adsorption enthalpy of n-
exane to graphene powder relative to our previously determined
8] value (−13.5 ± 0.2 vs. −12.2 ± 0.2 kcal/mol) can be attributed
o the difference in ﬁtting methods; in our previous study [8],
e used the linearized Clausius–Clapeyron equation for data ﬁt-
ing. On the other hand, it shows that the error bars assessed from
he data ﬁtting could be underestimated and the real experimen-
al uncertainty of the adsorption enthalpies determined by IGC is
round 1 kcal/mol. Nonetheless, the close correspondence between
he theoretically predicted and measured adsorption enthalpies
8,48] indicate that the IGC technique can reliably determine the
dsorption enthalpies of volatile organic compounds to carbona-
eous materials.The higher adsorption enthalpy of cyclohex-
ne, (−11.4 ± 0.3 kcal/mol), compared to n-hexane,
−13.5 ± 0.2 kcal/mol), can be explained in terms of the larger
onformational freedom of the n-hexane molecule and slightly−13.1 ± 0.2 −27.8 ± 0.8 313a–363
higher polarizability  ˛ of n-hexane (  ˛ = 11.9 × 10−24 cm3 taken
from Ref. [54] and 12.7 × 10−24 cm3 from our DFT calculation,
refer to Table S1 for calculated polarizabilities of all studied
molecules) with respect to cyclohexane (  ˛ = 11.0 × 10−24 cm3
from Ref. [54] and 10.9 × 10−24 cm3 from DFT calculation, Table
S1). The higher conformational freedom enabled better ﬁtting of
n-hexane to the graphene surface. The higher polarizability leads
to stronger London dispersive forces, which drive the adsorption
of non-polar organic molecules to graphene [8]. The difference
between cyclohexane and n-hexane was conﬁrmed by our DFT
calculation, which yielded adsorption enthalpies of −11.5 kcal/mol
and −13.6 kcal/mol, respectively. These results corroborated the
experimental data, thereby verifying that the difference in adsorp-
tion enthalpy stems from the difference in structure and character
of cyclohexane and n-hexane.
The adsorption enthalpy of 1,4-dioxane, (−10.8 ± 0.1 kcal/mol),
is slightly higher than the adsorption enthalpy of cyclohexane,
146 E. Otyepková et al. / Applied Materials Today 5 (2016) 142–149
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olecules, we  extended the plot to 20% coverage, see Fig. S2 of the Supporting Info
ndicating that the enthalpy changes only modestly with oxygen
ubstitution of two methylene groups. The adsorption enthalpy
f aromatic benzene, (−11.9 ± 0.3 kcal/mol), is by a fraction lower
han that of its saturated counterpart cyclohexane. However,
ccording to experimental measurements, benzene is less polar-
zable than cyclohexane [54], so the higher afﬁnity of benzene
o graphene cannot be attributed solely to the London disper-
ive forces. Since benzene bears permanent quadrupole moment
55] (while quadrupole moment of cyclohexane is negligible) and
hat electrostatics contributes by ∼30% to binding to graphene
8], the higher afﬁnity of benzene can be explained by the higher
ontribution of electrostatics. This documents that the adsorp-
ion enthalpy to graphene is driven by a subtle interplay among
ndividual contributions to the noncovalent interactions. Our DFT
alculation yields the adsorption enthalpy of −11.7 kcal/mol for
enzene, lower than that of cyclohexane (−11.5 kcal/mol) in line
ith the IGC result. Nevertheless, even the calculation cannot ulti-
ately distinguish, which of the contributions to the adsorption
romotes adsorption of benzene over cyclohexane. Toluene con-
ains one more methyl group than benzene and, accordingly, has
igher polarizability (  ˛ = 12.3 × 10−24 cm3 taken from Ref. [54] andraphene powder for coverages ranging from 0.25% to 10% of a monolayer (for some
n).
12.6 × 10−24 cm3 from our DFT calculations, Table S1) and lower
adsorption enthalpy (−13.8 ± 0.4 kcal/mol). The calculated adsorp-
tion enthalpy of toluene of −14.5 kcal/mol corroborates its strong
adsorption on graphene.
3.3. Adsorption enthalpies to ﬂuorographene
In the case of graphite ﬂuoride, we  obtained relatively sta-
ble adsorption enthalpies even for the small probe, nitromethane
(Fig. 4). This is indicative of either a low fraction of high-energy
sites or a similarity between the binding energy to steps/cavities
and the binding energy to the ﬂuorographene surface. In other
words, these structural features, i.e., steps and/or cavities, do
not create high-energy sites on this material for the molecules
we used. Graphite ﬂuorite consists of ﬂaky lamellar crystals
with exposed terraces composed of ﬂuorographene layers (cf.
Figs. 1 and 2). It is reasonable to assume that the adsorption
process occurs predominantly on these exposed terraces, i.e., on
the ﬂuorographene. The observed adsorption enthalpies to ﬂuo-
rographene can therefore be attributed to adsorption to graphite
ﬂuoride terraces Fig. 5 shows optimized orientations of benzene
E. Otyepková et al. / Applied Materials Today 5 (2016) 142–149 147
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onolayer (for some molecules we extended the plot up to 20% coverage, see Fig. S
n both graphene and ﬂuorographene surfaces. The calculated
dsorption enthalpy of cyclohexane, n-hexane and benzene to
ingle-layer ﬂuorographene was −11.0 kcal/mol, −12.5 kcal/mol,
nd −10.2 kcal/mol, respectively. The calculation identiﬁes toluene
s the most strongly adsorbed molecule on ﬂuorographene
−13.2 kcal/mol). Interestingly, the calculation ascribes stronger
inding onto ﬂuorographene to cyclohexane than to benzene, in
ontrast to the binding on graphene (see above). The axial C–H
onds of cyclohexane ﬁt well into C–F pockets on ﬂuorographene,
hich diminishes the advantage of ﬂat geometry of benzene.
Comparing adsorption on ﬂuorographene and graphene
s seen in IGC experiment, the same relative trends were
bserved. For example, n-hexane had lower adsorption enthalpy,
−14.3 ± 0.3 kcal/mol), than cyclohexane (−12.2 ± 0.2 kcal/mol)
nd 1,4-dioxane (−11.7 ± 0.2 kcal/mol). Similarly, toluene had
ower adsorption enthalpy, (−13.1 ± 0.2 kcal/mol), than benzene
−12.7 ± 0.2 kcal/mol). The only exception was that toluene had
he lowest adsorption enthalpy to graphene, while n-hexane was
he most strongly bound molecule to the ﬂuorographene. The
ifferences in adsorption enthalpy were governed by differences
n molecular polarizabilities, i.e., London dispersive forces. Morear probes to graphite ﬂuoride powder for coverages ranging from 0.25% to 10% of a
e Supporting Information).
importantly, the adsorption enthalpies to ﬂuorographene were
slightly lower than those to graphene by ∼9% (except for the
adsorption enthalpy of toluene). That is a somewhat surpris-
ing result, because ﬂurographene has lower surface energy than
graphene [24]. It should be, however, noted that the adsorption
enthalpies are controlled by a delicate balance among attractive
and repulsive forces, which implies that there is not any direct rela-
tion between the cohesive (or surface) energy and the adsorption
enthalpy of an adsorbate. Furthermore, the results indicate that the
 electrons of graphene do not provide any signiﬁcant contribution
to the binding of small neutral molecules. It should be mentioned
that similar conclusion was proposed by Grimme, who studied the
interaction between stacked aromatic units and saturated (hydro-
genated) rings of the same size. He found that the effect of the
 system is rather subtle, and interactions between aromatic and
saturated fragments of the same size are similarly strong [56].3.4. Adsorption entropies to graphene and ﬂuorographene
Using Langmuir adsorption model, we also determined the
adsorption entropies from IGC experiments by ﬁtting the primary
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uorographene surfaces, respectively. Carbon atoms are in gray, ﬂuorine atoms in y
ata (cf. Methods). To best of our knowledge, IGC has not been
sed to determine and compare the adsorption entropies of several
dsorbates yet. Measured adsorption entropies of ∼−30 cal/mol K
ere obtained, although a higher value (−16.8 ± 1.1 cal/mol K)
esulted for nitromethane on graphene. The lower adsorption
ntropy, at low coverage, of nitromethane on graphene conﬁrms
hat the entropy loss is highest at the high-energy sites, where
trong bonding restricts molecular motion [57]. The adsorption
ntropies exhibited similar trends to the adsorption enthalpies
the mean coefﬁcient of determinations, r2, of isosteric adsorp-
ion enthalpies vs. entropies were 0.78 and 0.69 for graphene and
uorographene, respectively). Furthermore, the entropies on ﬂu-
rographene were only slightly lower (by ∼10%) than those on
raphene (with one exception, toluene). The adsorption entropies
ollow the adsorption enthalpies, which might indicate that
tronger the binding the higher the conﬁgurational space restric-
ion. It should be noted that the number of determined entropies is
omewhat limited to make general conclusions and should be sub-
ect of further research. It was suggested that the surface entropies
ollow the adsorbates gas phase entropies [58]. In our case, the
ntropy loss corresponded to ∼40% of the ideal gas phase entropy
f the organic molecules Sg, which follows the trend observed for
etal oxide surfaces [58].
. Conclusion
Using the IGC technique, we determined the isosteric adsorp-
ion enthalpies and entropies of six volatile organic compounds
o graphene and ﬂuorographene as a function of the sur-
ace coverage. The results obtained for the smallest molecule
sed, i.e., nitromethane, indicated that graphene contained high-
nergy sites. On the other hand, the adsorption enthalpies
nd entropies of bulkier molecules were relatively coverage-
ndependent. Nitromethane had the highest adsorption enthalpies
nd entropies on both graphene and ﬂuorographene. The strongest
inding was observed on graphene for toluene, and on ﬂuoro-
raphene for n-hexane. The adsorption enthalpies were driven
ainly by polarizabilities of individual molecules, i.e., London that benzene ring is parallel to and lies 315 and 312 pm above the graphene and
 and hydrogens in pale cyan.
dispersive forces. The molecules on average exhibited lower
adsorption enthalpies to ﬂuorographene than to graphene and
this ﬁnding was corroborated by DFT calculations. The adsorption
entropies to graphene and ﬂuorographene followed the adsorp-
tion enthalpies and corresponded to ∼40% of negative gas phase
entropies. The adsorption-induced entropy loss was highest at
high-energy sites. In general, the used probes have rather strong
afﬁnities to both materials corresponding to ∼10–15% of a com-
mon  covalent bond and the afﬁnities increased with molecular
size and polarizability. The high afﬁnities explain the fact that air-
borne contaminants readily adsorb on the surfaces and in turn
modify surface properties as observed experimentally [9,10]. In
addition, the organic probes have on average higher afﬁnity to ﬂu-
orographene than to graphene, which implies an effective usage
of ﬂuorographene in applications, where a direct contact with the
molecular probe is required, e.g., electrochemical sensing [27–29].
On the other hand, the high-afﬁnity warns that measured surface
properties of ﬂuorographene might be affected by adsorbed air-
borne contaminants.
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